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Abstract 
Exchange bias phenomenon is generally ascribed to the exchange coupling at the interfaces 
between ferromagnetic and antiferromagnetic layers. Here we propose a bulk form of exchange 
bias in a single-phase magnet where the coupling between two magnetic sublattices induces a 
significant shift of the coercive field after a field cooling. Our experiments in a complicated 
magnet YbFe2O4 demonstrate a giant exchange bias at low temperature when the coupling between 
the Yb3+ and Fe2+/Fe3+ sublattices take places. The cooling magnetic field dependence and the 
training effect of exchange bias are consistent with our model. In strong contrast to conventional 
interfacial exchange bias, this bulk form of exchange bias can be huge, reaching the order of a few 
Tesla. 
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Exchange bias (EB) was initially observed in Co particles coated with a layer of CoO by 
Meiklejohn and Bean. 1 It refers to the shift of magnetic hysteresis loop along the field axis after 
the sample is cooled in a magnetic field. Since then, EB has been found in a large number of 
heterostructures such as core-shell nanoparticles, magnetic multilayers and thin films.2-5 Compared 
with heterogeneous structures, EB is rare in structurally single-phased bulk materials. Recently, 
there were a few reports of EB in bulk compounds with intrinsic phase separation6-8 or spin glass 
phase.9-11 In general, these EB phenomena are ascribed to the exchange coupling at different 
magnetic interfaces that causes a pinning of magnetization. In this Letter, we propose a bulk form 
of EB where the pinning phenomenon is caused by the global interaction between two magnetic 
sublattices instead of the interfacial exchange coupling.  
As illustrated in Fig. 1(a), we consider a single-phase magnet that consists of two magnetic 
sublattices − one with antiferromagnetic (AFM) structure and another with ferromagnetic (FM) 
structure. The spin configuration is therefore similar to that of an artificial FM/AFM superlattice. 
In the simplest case, we assume that the easy axis of the AFM and FM sublattices are in the same 
direction along the c axis. The energy density of the system can be expressed as                
2 2/ sin ( ) sin ( ) cos( ),FM AFM INTE V H M K K Jα β θ= − ⋅ + + −
JJG JJG
          (1) 
where ܪሬԦ is the applied magnetic field, ܯሬሬԦ is the magnetization of the system, KFM and KAFM are 
the magnetic anisotropy constants of the FM and AFM sublattices, and JINT is the exchange 
coupling constant between the two sublattices. The angles α and β are the angles between the 
spins and easy axis in the FM and AFM subatttices, respectively. θ is the angle between the FM 
and AFM spins. After a magnetic-field cooling (FC) process from a high temperature (T > TN, TC) 
to a low temperature (T < TN, TC), the system is driven into a uniform spin configuration like Fig. 
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1(a). If there were a strong coupling between two sublattices, JINT > KAFM > KFM, the AFM and 
FM spins would rotate together and no EB appears. However, in the case of a large magnetic 
anisotropy of the AFM sublattice and a moderate inter-sublattice coupling, KAFM > JINT and KAFM > 
KFM, the FM spins rotates with external magnetic fields whereas the AFM spins remain the 
original configuration due to the large KAFM. Similar to that occurred at a FM/AFM interface, the 
spin rotation of the FM sublattice feels the pinning force from the AFM sublattice due to JINT. As a 
result, a shift of the magnetic hysteresis loop along the field axis could be expected. 
We have testified this model in a complicated magnet YbFe2O4 in which the pinning of 
magnetization is due to the interplay between Yb3+ (4f13; 4.5µB) and Fe2+/Fe3+ magnetic sublattices. 
A giant EB effect is indeed observed at low temperature as expected. To elaborate our model more 
convincingly, LuFe2O4 is chosen as a compare. Since Lu3+ (4f14, 0µB) is a non-magnetic ion, the 
absence of interplay between magnetic sublattices should not give rise to the proposed EB, which 
is consistent with our experimental results. 
YbFe2O4 and LuFe2O4 belong to the family of RFe2O4 (R=Y, Ho, Er, Tm, Yb and Lu). All of 
them have a hexagonal layered structure. As shown in Fig. 1(b), the Fe-O triangular lattices 
bilayer and the R-O layer alternatively stack along c axis. In the Fe-O bilayer structure, there are 
equal numbers of Fe2+ and Fe3+ ions. The magnetic properties of LuFe2O4 have been intensively 
studied in the past decade.12-15 Below ~ 240 K, the Fe2+/Fe3+ moments form a ferrimagnetic (FI) 
ordering with the easy axis along c axis.15 Because of the layered structure and a large unquenched 
orbital magnetic moment, LuFe2O4 exhibits a strong magnetic anisotropy with a huge 
coercivity.16,17  While they have the same crystal structure, the large magnetic moment (4.5 µB) of 
Yb3+ ion makes the magnetic behaviors of YbFe2O4 more fascinating than LuFe2O4. In this work, 
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we demonstrate that the interplay between the Yb3+ and Fe2+/Fe3+ sublattices can induce a giant 
EB effect.  
YbFe2O4 and LuFe2O4 single crystals were prepared by the method of optical floating-zone 
melting in a flowing argon atmosphere. X-ray diffraction (XRD) and back-reflection Laue XRD 
experiments were taken to check the crystallization and determine the crystallographic direction. 
Powder XRD measurements at room temperature and Rietveld analysis indicate that the samples 
are single phase and have a structure consistent with literature. The temperature dependence of 
magnetization was measured with a Quantum Design superconducting interference device 
(SQUID) magnetometer, and the M-H hysteresis loops up to 13 T were measured with a Quantum 
Design physical property measurement system (PPMS). All the magnetization measurements 
were performed along the crystallographic c axis which is the magnetic easy axis. 
Figure 2 presents the temperature dependence of magnetization for YbFe2O4 in a low 
magnetic field (1 kOe) with the FC mode. There are apparently two magnetic transitions. The 
ferrimagnetic ordering of Fe2+/Fe3+ magnetic moments is founded at T1 ~ 245 K, similar to that in 
LuFe2O4. There is another magnetic transition around 50 K (T2) due to the ordering of Yb3+ 
magnetic moments. Below 50 K, the FC magnetization drops with decreasing temperature, which 
indicates that the spontaneous interaction between Yb3+ and Fe2+/Fe3+ sublattices prefer a canted 
AFM configuration. What makes the system interesting is that the inter-sublattice coupling is 
relatively weak and can be manipulated by a FC process under moderate magnetic fields. As 
shown in the inset of Fig. 2, after cooling the sample in 5 or 13 T from 300 K, the FC 
magnetization goes up instead of dropping down below ~ 50 K (T2), indicating a parallel 
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alignment of two magnetic sublattices. Thus, the relative orientation between Yb3+ and Fe2+/Fe3+ 
magnetic sublattices can be effectively manipulated by the FC process.  
Figure 3 shows the M-H hysteresis loops at 5 K for YbFe2O4 with both the zero field cooling 
(ZFC) and FC modes. In the FC mode, YbFe2O4 was cooled from 300 to 5 K with a cooling field 
Hcool=13 T. While the ZFC M-H loop exhibits nearly symmetric coercivity, the FC M-H loop 
shifted left along H axis with H1=−71.2 kOe and H2=39.3 kOe, where H1 and H2 is the left and 
right coercive field, respectively. The EB field (HEB ), defined as HEB=−(H1+H2)/2, is 15.8 kOe. 
Such a value of HEB is much larger than those reported ever before, and is really a giant EB effect. 
In order to prove that the interplay between two magnetic sublattices is the source of the observed 
giant EB, we measured the M-H loop of LuFe2O4 as a compare because Lu3+ is a nonmagnetic 
ion. As shown in the inset of Fig. 3, the FC M-H hysteresis loop of LuFe2O4 measured in the 
same condition is nearly symmetric with H1= −95.0 kOe and H2= 94.8 kOe. This huge coercive 
field suggests a large magnetic anisotropy constant of the Fe2+/Fe3+ sublattice in consistence with 
previous reports.16 The absence of EB in LuFe2O4 confirms that the giant EB is related to the 
interplay between Yb3+ and Fe2+/Fe3+ magnetic sublattices.  
We then studied how the EB depends on the cooling magnetic field Hcool at 5 K. The sample 
was cooled from 300 to 5 K under different Hcool=5, 10, 30, 50, and 130 kOe. When the 
temperature is stabilized at 5 K, the magnetic field was set to 130 kOe and the M-H loops were 
measured between ±130 kOe. As shown in Fig. 4, HEB increases rapidly with increasing Hcool 
and reaches a maximum of 19.6 kOe at Hcool=10 kOe. With further increasing cooling field, HEB 
decreases slightly and remains a high level up to 13 T. This feature of cooling field dependence 
is distinct from that in the phase-separated oxides or spin glassy materials where HEB decays 
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rapidly with high cooling magnetic fields.5,6,18,19 This distinction suggests that the observed giant 
EB is not related to phase separation or spin glassy phase. 
In order to further confirm the giant EB effect, we then studied the temperature dependence of 
EB. As plotted in Fig. 5, HEB decreases rapidly with increasing temperature, and becomes 
negligible above ∼ 50 K. At 25 K, the FC hysteresis loop still shows a clear shift (inset of Fig. 5), 
though the HEB is reduced from ~ 19 kOe at 5 K to ~ 3 kOe at 25 K. The cooling field 
dependence of HEB at 25 K exhibits a similar trend to that at 5 K, increasing fast in low cooling 
field and slightly decreasing in high cooling fields. The temperature dependence of HEB proves 
that the EB effect appears only after the interaction between Yb3+ and Fe2+/Fe3+ magnetic 
sublattices develops below T2 (~ 50 K). 
The above experiments in YbFe2O4 support our model of a bulk form of EB induced by the 
interplay between two magnetic sublattices. Though the spin configuration of YbFe2O4 is not 
exactly identical to the ideal case illustrated in Fig. 1(a), it holds two important features required 
by our model. Firstly, the coupling between two magnetic sublattices (Yb3+ and Fe2+/Fe3+) is 
moderate and can be modified by the FC process. Secondly, the FI sublattice (Fe2+/Fe3+) has a 
large magnetic anisotropy constant so that it can act effectively as the AFM component in our 
model.  
Another important property of EB is the so-called training effect,20,21 i.e., the EB decreases 
monotonically with the cycling number (n) of consecutive hysteresis loops. It has been known 
that there are two types of training effect,22 one between the first and second loop and another 
involving subsequent higher number of loops (n ≥ 2). In the FM/AFM thin films, the first type of 
training effect has been proposed to arise from the AFM magnetic symmetry.23 For the second 
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type of training effect, it is often found experimentally that the relationship between HEB and the 
cycling number n follows a simple power law 
                    ( ) ( ) / ,EB EBH n H nκ− ∞ =                           (2) 
where κ is a system-dependent constant and HEB(∞) is the exchange-bias field in the limit of 
infinite loops.24 
Figure 6 presents the training effect in YbFe2O4. After FC from 300 to 5 K with Hcool=13 T, 
the M−H loops were measuredly continuously in the range of ±13 T up to 10 cycles. The gradual 
decrease of HEB with increasing loop number n is clearly seen, evidencing a training effect of EB. 
As shown in the inset of Fig. 6, except a strong decay between the first and the second loop, 
HEB(n) follows the power law of Eq. (2) for n ≥ 2, with the parameters κ=14.5 kOe and 
HEB(∞)=2.6 kOe. In FM/AFM heterostructures, the training effect in general has its origin from 
the rearrangement of the AFM domain structure at the FM/AFM interface which takes place 
during each magnetization reversal of the FM layer.21,25 In other words, the strength of the 
training effect depends significantly on the properties of the AFM pinning layer rather than the 
FM layer. Similarly, the training effect in YbFe2O4 indicates that the spin structure of the system 
deviates from its equilibrium configuration and relaxes during each magnetization reversal. This 
relaxation of spin configuration occurs mainly in the FI sublattice (Fe2+/Fe3+) that acts as the 
AFM pinning layer. The coupling between two magnetic sublattices brings two sides of one coin. 
On one side, it causes a unidirectional pinning of magnetization to the FM sublattice that induces 
the EB effect. On another hand, it triggers the relaxation and reorientation of domains in the 
AFM or FI sublattice during the magnetization reversal process that gives rise to the training 
effect.  
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In summary, we have proposed a bulk form of EB in a single-phase magnet with two 
interacting magnetic sublattices. Comparative experiments between the isostructural LuFe2O4 
and YbFe2O4 confirm a giant EB in the order of a few Tesla induced by the interplay between 
Yb3+ and Fe2+/Fe3+ magnetic sublattices. This bulk form of EB also exhibits a training effect 
similar to that in conventional interfacial EB systems. We may expect this type of EB in other 
complicated magnets with properly interacting magnetic sublattices and strong magnetic 
anisotropies. 
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FIG. 1. (Color online). (a) Schematic diagram of the spin configuration of a single-phase magnet 
with two magnetic sublattices. The spin reversal of the FM sublattice feels the pinning from the 
AFM sublattice. (b) Crystal structure of LuFe2O4 and YbFe2O4.  
FIG. 2. (Color online). Temperature dependence of magnetization of YbFe2O4 measured in the FC 
mode with H=1 kOe. The magnetic transition at T1=245 K corresponds to the ferrimagnetic 
ordering of Fe2+/Fe3+ sublattice and the transition at T2≈50 K is due to the coupling between Yb3+ 
and Fe2+/Fe3+ sublattices. The inset shows the M-T curves in the FC mode with H=5 and 13 T. 
FIG. 3. (Color online). The M-H hysteresis loops of YbFe2O4 at 5 K with both the ZFC and FC 
modes. For comparison, the inset shows the FC hysteresis loop of LuFe2O4 measured at 5 K with 
a cooling field of 13 T. 
FIG. 4. (Color online). Cooling magnetic field dependence of HEB of YbFe2O4 at 5 K. Inset: 
enlarged view of the M-H loops with different Hcool=0, 5, 10, and 50 kOe. 
FIG. 5 (Color online). Temperature dependence of HEB measured with a cooling field of 13 T. The 
insets show the M-H loops and the cooling field dependence of EB at 25 K. 
FIG. 6 (Color online). Training effect of EB at 5 K. The main panel shows the consecutive 
hysteresis loops measured after FC in 13 T. For clarity, only the loops with cycling number n=1, 2, 
3, and 10 are plotted. The inset shows HEB vs n. The solid line is the fitting curve with Eq. (2). 
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